INTRODUCTION
Tight junctions located at the apicolateral borders of adjacent airway epithelial cells significantly contribute to epithelial barrier function. Tight junctions regulate the selective passage of ions and solutes through the paracellular space, and prevent paracellular migration of 35 pathogens and their products from lumen to interstitium. Thus, perturbation of the barrier function may increase paracellular permeability, facilitate translocation of pathogens and their soluble products, and expose basolateral receptors. Rhinovirus (RV), which is responsible for the majority of common colds (1), also provokes acute lower respiratory symptoms in healthy individuals (7, 18) and exacerbates airway 40 diseases in patients with asthma, chronic obstructive pulmonary disease and cystic fibrosis (9, 32, 47, 50) . In addition to stimulating production of pro-inflammatory cytokines (13, 34) , RV infection may also promote secondary bacterial infections by interfering with host innate defense mechanisms or by increasing the adherence of bacteria to host mucosa (2, 20, 48) . Recently, we and others demonstrated that RV infection compromises barrier function and facilitates bacterial 45 transmigration across polarized airway epithelial cells (41, 54) . Further, we showed that infectious RV is required for the impairment of barrier function in polarized airway epithelia.
The impairment of barrier function caused by RV is independent of epithelial cell destruction, apoptosis or virus-stimulated pro-inflammatory cytokines, indicating other mechanisms play a role. 50 Oxidative stress has been implicated in the impairment of airway and colonic epithelial barrier function (6, 38, 51, 52) . Treatment with hydrogen peroxide disrupted barrier function of airway epithelial cells by destabilizing the actin cytoskeleton, damaging tight junctions and inhibiting cell proliferation (53). In colonic epithelial cells, hydrogen peroxide caused tyrosine on July 13, 2017 by guest http://jvi.asm.org/ Downloaded from 5 required to disrupt barrier function. We also show that polyinosinic-polycytidylic acid (poly I:C), a synthetic analogue of dsRNA that has been used to examine viral dsRNA-stimulated responses in airway epithelial cells (26, 30, 49) , impairs barrier function by a mechanism similar to RV, 80 indicating that dsRNA generated during replication contributes to the disruption of barrier function.
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MATERIALS AND METHODS
Rhinovirus. Rhinovirus 39 (RV39) was purchased from American Type Culture Collection (Manassas, VA) and viral stocks were generated as described previously (43) . Briefly, cell 85 culture supernatants from RV-infected HeLa cells was partially purified by ultrafiltration and 50% tissue culture infectivity (TCID 50 ) values of viral stocks were determined by the SpearmanKarber method (22) . Sham was prepared similar to RV but from uninfected HeLa cell supernatant. Sham served as a control for cells infected with RV or UV-RV.
Bacteria and growth conditions. A clinical isolate of non-typeable Hemophilus influenzae 90
(NTHi), 6P5H, obtained from a patient with chronic obstructive pulmonary disease (COPD) at the time of exacerbation, was kindly provided by Dr. T. Murphy (University of Buffalo) and has been described previously (41) . Bacteria maintained as a glycerol stock at -80°C were subcultured on a chocolate agar plate and incubated overnight at 37°C/5% CO 2 . Bacteria were scraped off of the plate and suspended in serum and antibiotic-free cell culture medium at the 95 required concentration.
Cell culture and infection. Immortalized human bronchial epithelial cells, 16HBE14o-were grown in Transwells (Corning, Lowell, MA) using Minimum Essential Medium (MEM, Invitrogen, Carlsbad, CA) amended with 10% heat-inactivated fetal bovine serum (FBS) and 2 mM of L-glutamine, as described previously (41) . Briefly, 8 x 10 4 or 3 x 10 5 cells were seeded 100 in 6.5 mm or 12 mm collagen-coated transwells, respectively, and grown under submerged conditions until the transepithelial resistance (R T ) reached 800 to 1000 Ω.cm 2 , which usually takes 4 to 5 days. Medium in both the apical and basolateral chambers was changed every other day. In nearly all experiments, transwells with pore size of 0.4 µ were used. To determine bacterial transmigration, cells were grown in transwells with a pore size 3 µ. 105 on July 13, 2017 by guest http://jvi.asm.org/
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On the day of infection, medium in the basolateral chamber was replaced with fresh growth medium, and the apical surface was infected with 100 µl RV diluted in growth medium at a multiplicity of infection (MOI) of 1, or an equivalent volume of UV-irradiated RV (UV-RV) or sham control. After 90 min of incubation, infection medium from the apical surface was replaced with fresh growth media and the cells were further incubated for 4 to 24 h at 33°C. In 110 inhibition studies, N-propyl gallate, diphenylene iodonium (DPI), oxypurinol or quercetin (all from Sigma-Aldrich, St Louis, MO) or the Rac1 inhibitor NSC23766 (EMD chemicals, Gibbstown, NJ) were added to both the apical and basolateral chambers 90 min after RV infection, incubated for 24 h and R T was measured with an EVOM voltmeter equipped with EndOhm 6 tissue resistance measurement chamber (World Precision Instruments, Sarasota, FL) 115 (25, 41) .
Treatment with poly I:C. Polarized 16HBE14o-cells were treated apically with 300 µl of media containing 500 ng/ml of high molecular weight poly I:C (1.5 to 8 kb; Invivogen) and R T was measured at the time points indicated in the Results section.
Transmigration of bacteria from apical to basolateral chamber. Transmigration of bacteria 120 across the polarized cells was measured as described earlier (41) . Briefly, 16HBE14o-cells grown in transwells with a pore size of 3 µ were infected with RV, UV-RV at MOI of 1 or treated with poly I:C as described above. Eight (for poly I:C treated cells) or 24 h (for RV and UV-RV-infected cells) later, 100 µl of NTHi at MOI of 10 was added to the apical chamber and further incubated for 3 h. Media from basolateral chambers was sampled at 3 h and plated on 125 chocolate agar to determine number of bacteria transmigrated across the polarized airway epithelial cells.
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Viral load and cell infectivity. Total RNA was extracted 90 min or 24 h after RV infection from polarized epithelial cells, and vRNA was quantified by qPCR as described (43) . To quantify the percent of cells infected with virus, cells after appropriate treatment were fixed/permeabilized 130 with 4% paraformaldehyde, blocked with normal goat serum, and incubated with AlexaFluor 488-conjugated antibody to VP2, one of the capsid proteins of RV (21) (kindly provided by Dr.
Wai-Ming Lee, University of Wisconsin, Madison). Cells were analyzed by flow cytometry.
Similarly-treated uninfected cells were used as negative controls.
Expression of NOX mRNA by qPCR. The mRNA expression of NOX genes was assessed by 135 qPCR using gene specific primers (SA Biosciences, Frederick, MD). All PCR reactions were performed on an Eppendorf Mastercycler (Westbury, NY) using the comparative Ct method.
The expression levels were normalized to reference gene glyceraldehydes-3-phosphate dehydrogenase (G3PDH) as described previously (43) .
Confocal indirect immunofluorescence. Distribution of the tight junction proteins ZO-1 and 140
occludin was determined by indirect immunofluorescence microscopy, as described previously (41) . Briefly, after appropriate treatments, polarized 16HBE14o-cells were fixed in cold methanol, blocked with PBS containing 1% (wt/vol) bovine serum albumin (BSA), and incubated overnight at 4°C with polyclonal antibody to ZO-1 (1 µg/ml), or monoclonal antibody to occludin (both from BD Biosciences, San Jose, CA). Bound antibodies were detected by using 145 appropriate AlexaFluor-conjugated second antibody (Invitrogen) and visualized by confocal fluorescent microscopy (Carl Zeiss,Thornwood, NY). Cells treated normal IgG isolated from non-immunized animals (Jackson ImmunoResearch Laboratories, West Grove, PA) instead of primary antibody served as negative controls. Reactive oxygen species (ROS) production. ROS production was measured by using carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA, Invitrogen) as described previously (40) . Briefly, after appropriate treatment, cells were infected with either RV or UV-RV as above. Six hours before the measurement of ROS, medium was removed, cells were rinsed with HBSS and then incubated in HBSS containing 5 µM carboxy-H 2 DCFDA without 165 phenol red for 6 h. At this concentration, carboxy-H 2 DCFDA, had no effect on the cells or RV replication, as measured by LDH release and vRNA copy number. For poly I:C treatment, cells were preloaded with 5 µM carboxy-H 2 DCFDA for 1 h and then incubated with poly I:C for the predetermined time. Cells were then detached from the wells, washed and resusupended in PBS. GGUCAGACCAGUGAGUUCG-dtdt-3′ ) were purchased from Dharmacon (Lafayette, CO).
siRNA (5 to 10 pmoles/well) was incubated with 1 µl of Lipofectamine™ RNAiMAX (Invitrogen) in 100 µl OptiMEM (Invitrogen) for 20 min at room temperature. Medium in the basolateral chamber was replaced with fresh medium, apical chamber medium was removed, and 100 µl of transfecting reaction mix was added. After 6 h of incubation, volume in the apical 185 chamber was made upto 300 µl with fresh media and incubation continued for another 18h.
Media in both apical and basolateral chamber were changed and incubated for another 24 h. These results indicate that dsRNA generated during RV replication may play a role in reducing R T .
To localize poly I:C, polarized cells were treated with rhodamine-labeled poly I:C and visualized in context with ZO-I. In X-Z section we observed that poly I:C was located at and 245 below the apical surface and also loss of ZO-1from the tight junctions of the cells that contained prior to RV infection showed no increase in NOX1 expression, as well as reduced NOX activity and ROS generation. This was not due to decreased RV infection or replication in siNOX1-transfected cells (Figure 5D and 5E). These results indicate that RV-induced NOX1 activity 315 contributes to total NOX activity and ROS generation. Poly I:C-induced NOX activity and ROS generation were also found to be partially dependent on NOX1 (Figure 5F -5H). Figure 6A ). In contrast, poly I:C-treated cells showed the highest activity 2 h after treatment, which slowly returned to normal by 8 h (Figure 6B ).
We then examined the requirement of Rac1 activation for RV-induced NOX1 activity.
The 16HBE14o-cells were infected with intact or UV-irradiated RV and incubated for 1 h. 325
Infection medium was replaced with fresh medium containing 50 µM NSC23766, a chemical inhibitor of Rac1 (17), and NOX activity determined 16 h after incubation. NSC23766 (50 µM) reduced RV-induced NOX activity by 71%, and ROS production by 51% ( Figure 6C and 6E).
NSC23766 also partially inhibited poly I:C-induced NOX activity in 16HBE14o-cells ( Figure   6D and 6F). Sixteen h after RV infection, there was no difference in levels of vRNA or the 330 percent of cells infected between untreated and NSC23766-treated cells ( Figure 6G and 6H) .
Together, these results indicate that both RV and poly I:C stimulate Rac1 activation, and that Rac1 activity is required for maximal NOX activity and ROS production induced by these agents. Figure 10C and 10D) . However, quercetin also decreased vRNA copy number ( Figure 10E ). These results suggest that quercetin 390 may block RV-induced effects, not only by scavenging ROS, but also by decreasing RV load. Previously, we had demonstrated that replication of RV is required for the disruption of barrier function (41) . dsRNA is one of the intermediates that accumulates during RV replication. 405 A synthetic dsRNA, poly I:C has been extensively used as a surrogate for viral dsRNA to study host responses. It provokes inflammatory and IFN responses in airway epithelial cells similar to viral dsRNA (4, 30, 49) , Recently, dsRNA was also shown to decrease R T in immortalized nasal epithelial cells (35) , but the underlying mechanism was not elucidated. Therefore, to investigate whether dsRNA generated during RV replication contributes to the RV-induced disruption of 410 barrier function, we used poly I:C (1.5 to 8 kb in length) as a surrogate for RV dsRNA. We found that Poly I:C disrupts the barrier function of polarized airway epithelial cells similar to RV. We also noted presence of poly I:C within the cells. Since the complete RV replication cycle occurs in the cytoplasm (45) , it is reasonable to speculate that dsRNA generated during RV on July 13, 2017 by guest http://jvi.asm.org/ Downloaded from replication will also be in the cytoplasm similar to poly I:C. Therefore, it is conceivable that 415 dsRNA generated during RV replication is sufficient to cause disruption of barrier function.
RV-induced disruptions in barrier function
However, one cannot rule out the involvement of structural or non-structural proteins of RV. were found to be dependent on TLR3 (31). Together these observations suggest that TLR3 recognizes both poly I:C and RV dsRNA, and therefore it is reasonable to postulate that TLR3 may be required for RV or poly I:C-induced disruption of barrier function. Surprisingly, knockdown of TLR3 had no effect on either RV or poly I:C effect on R T , suggesting the involvement of dsRNA recognition receptor other than TLR3 in this process. Further studies to 430 identify the receptor for dsRNA responsible for barrier disruption is under investigation. DUOX2, an isoform of NOX, in mucociliary-differentiated airway epithelial cells (19) . We also observed increased expression of DUOX2 in both RV-and poly I:C treated polarized airway epithelial cells. DUOX2, which is located on the plasma membrane, secretes H 2 O 2 into extracellular milieu (15); hence, we expected treatment with catalase would block RV-and poly I:C-induced reductions in R T . However, catalase had no effect (data not shown). On the other 450 hand, both RV and poly I:C induced robust mRNA expression of NOX1 compared to other isoforms. Furthermore, inhibition of NOX1 using gene-specific siRNA blocked the reductions in R T by more than 50%. In addition, inhibition of Rac1also blocked RV-and poly I:C-induced disruptions of barrier function. Rac1 is required for the assembly of NOX1 holoenzyme and maximal NOX1 activity (8, 29) . Finally, inhibition of NOX1 and Rac1 each partially attenuated 455 the generation of ROS stimulated by RV and poly I:C. Together, our results suggest that both RV infection or poly I:C treatment increases expression of NOX1 and assembly of NOX1 holoenzyme which requires Rac1 activity, and this is responsible at least in part, for RV-and poly I:C-induced disruptions of barrier function in polarized airway epithelial cell cultures.
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In addition to NOX, ROS is also produced by other enzymes such as the mitochondrial 460 respiratory chain and xanthine oxidase. In non-polarized airway epithelial cells, RV was shown to stimulate ROS by activating xanthine oxidase (36) . In the latter study, ROS increased within 20 min of infection and reached a maximum by 60 min, suggesting that binding of virus was sufficient for ROS generation. This effect was completely inhibited by pretreatment of cells with oxypurinol, an inhibitor of xanthine oxidase, but not DPI. In the present study, a significant 465 increase in ROS production was not observed in polarized airway epithelial cells until 8 h after RV infection. Furthermore, UV-RV, which stimulates host responses associated with binding and endocytosis similar to intact RV, did not stimulate ROS generation. In addition, oxypurinol had no effect on either RV-induced ROS generation or the observed reduction in R T . These results suggest that RV may not stimulate the activity of xanthine oxidase in polarized airway 470 epithelial cells. Finally, it should be noted that DPI not only inhibits the activity of NOX, but also enzymes comprising the mitochondrial respiratory chain (28) . Since DPI completely blocks both ROS generation and disruption of barrier function caused by RV, it is possible that ROS generated by the mitochrondrial respiratory chain also contributes to the effects of RV on barrier function. 475 ROS generated by professional phagocytes in response to infection is beneficial for the host, because they participate in direct killing of infecting microbes. However in non-phagocytic cells, ROS regulate a variety of physiological responses, including cell proliferation, apoptosis, immune and pro-inflammatory responses (reviewed in (12)). ROS generation may not always be beneficial to the host, particularly during viral infections. Here, we show that ROS produced by 480 NOX1 disrupts the barrier function of RV-infected airway epithelial cells. On a similar note, ROS production via NOX2 was proposed to cause excessive inflammation during RSV infection on July 13, 2017 by guest http://jvi.asm.org/ Downloaded from (14) . In influenza-infected mice, an absence of NOX2 led to improved viral clearance, an increased Th1 response and decreased airway inflammation (44) . ROS also inhibit IFN-α-induced antiviral gene expression in human hepatoma cells infected with hepatitis C virus (11) . 485
In light of these observations, we speculate that increased ROS generation during viral infection may compromise innate immune defense mechanisms, and therefore treatment with antioxidants may prevent oxidative damage and reduce susceptibility to secondary bacterial infections and permeability to allergens. Indeed, our preliminary studies showed that quercetin, a potent free radical scavenger, blocked the disruptive effect of RV on airway epithelial barrier function. On 490 the other hand, N-acetylcysteine, a precursor of glutathione that has been used in clinical trials to inhibit influenza flu symptoms and treat chronic bronchitis (10, 27, 46) 
